A surface-potential-based cylindrical surrounding-gate MOSFET model
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Conclusion A surface-potential-based modélis de- 10 ( 0V _ aN [] | B—26r—Vip) 3

veloped for the cylindrical surrounding-gate MOSFET — rar \' or ) — T[ te }’ 3)
(Fig. 1), of which the (non-differential) equation for the
surface potential had not been known because of the cylimheregr ~ 3~ In(Ny /n;) andVy, = V,, — V, is the
drical structure. Unlike other surrounding-gate MOSFETifference between quasi-Fermi potentials (Fig. 2). The
models, this model includes both drift and diffusion curboundary conditions for Eq. (3) are, at the centre by sym-
rents®* and also there is no inherent distinction betweemetry %f(&z) = 0, and at the surface by Gauss’ law
saturation and non-saturatiém Its accuracy is demon- —27meox%¢(a +0, z) = Qs(2). Upon integration, we get
strated by comparison with device simulation without ar- "
bitrary fitting. The model could potentially be useful as " gN;
a basis for developing compact models, just as the planér— (', z) = —2
single-gate counterparhas formed the theoretical foun- or €s
dations for the development of compact planar MOSFE
models™
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-Irn deriving Eq. (4), we did not make the charge-sheet as-
Details We formulate the model for a uniformly doped sumption, and therefore the electric flux should be continu-
NMOS device assuming nondegeneracy using the gradlgﬂs at the interface between the channel and the gate oxide

channel approximation. The gate oxide capacitance p there is no interface trapped charge());a%(aJrO,z) B
unit length is given byCox = 2o/ In(1 + tox/a). The sEr(a—=0,2) = 0, whereE, (r, z) = —5:(r, z). Then,

semiconductor charg@, per unit length is from the second boundary condition,
Qs(2) = —Cox[Vas — Vi — ¥s(2)], (1) Qs(2) = 2mae Er(a = 0, 2). ®)
whereVs is the gate voltage (source groundédy, is the In order to perform the integral in Eqg. (4), we use a

flat-band gate voltage, ang(z) = v (q, 2) is the surface charge-sheet model. In the charge-sheet model, mobile
potential. The semiconductor charge consists of mobilehargeQ,,,(z) is localised to the surface, and the electric
charge (electrons) and immobile charge (acceptor iondjux is discontinuous there. Note, however, thidt, z) is
Qs = Qumo + Qi If we use the depletion approximation, still continuous at = . The Poisson equation becomes
Qim = —mqN, d(2a —d), whereN, is the ionised accep-
tor density, and is the surface depletion depth. Note that 10 (0PN  gNy Qmo(z)6 6
the expression of for the planar MOSFET [Eq. (4) of Jang ror\"or )T & 2nae (r—a). ©)
and Lil’] cannot be used for the cylindrical MOSFETVe
hereafter assume that the channel is fully depleted of mBY integrating Eq. (6) twice, we obtain
jority carriers (holes), leading Q;,, ~ —ma?qN, . B

The drain currentp(z) is proportional toQ,,,(z) and W(r,2) = () — qNA (@>=1?) (0<r<a). (7)
the gradient of the electron quasi-Fermi potentig(z): ’ e -

I = —tnQm 9Vu (), wherey, is the electron mo- .
D(2) HnQumo(2) 52" (2) H The use of Eq. (7) enables us to integrate the second term of

bility, and % = 0 is assumed (charge-sheet approxim . ; ;
tion). This equation includes both drift and diffusion cufsr?d (?%) I?/z/ecggzbmmg the resultant equation with Eqs. (1)

rents. In a steady state, the electron density is given by

n(r, z) :_nief[f(rﬁz)*vn(z)]: wheren; is the intrinsic car- ¢ Vg — Vi, — 1] = ma2gNy
rier density,0~' = kgT/q is the thermal voltage, and, 20N~
is the electron quasi-Fermi potential. After some algebraic +exp [ﬁ (ws _aTaN, 2p — Vnp>:|
manipulation,/, can be written as des
A, 2gNy
T _'ueffic‘”‘v Vv _M_Fl Xi;f [eXp<ﬂa4Z A)_l]' (8)
D=7 as — Vm c 3 s

1 Now we have the expression of the drain current [Eq. (2)] in
-3 (¥sr + s0) ] (Vs =¥s0), (@) terms of surface potentials and an equation/fofEq. (8)].

It is, however, not entirely clear from the above derivation
wherey.q is the effective mobility, andq,;, = vs(L) and  whether the model will be of use with reasonable accuracy.
Yso = ¥s(0). We now compare thé-V characteristics calculated from

The surface potentialgs, ands;, are needed to use Egs. (2) and (8) with results of device simulation. Such a
Eqg. (2). We therefore derive an equation for the surface pegemparison has to be made with care to be scientifically
tential. The Poisson equation for the fully depleted channeheaningful. We use a constant mobility both in the device
is, within the gradual channel approximation, simulation and in the model. We do so in order to avoid the



(ab)use of mobility models as ‘fitting functions’ to obscu 5

possible deficiencies in the basic model. 101
Figure 3 shows the comparison §f-Vs characteris- B
tics in log scale. The agreement is very good from s 107+

threshold to above-threshold over ten orders of magniti -
The same result is shown in linear scale in Fig. 4 togel ¢ 10°F
with the relative difference betweeh, from the model A

and from the device simulation. Figure 5 sholysVpg 11

characteristics with relative differencesip. Overall, the 1071

agreement is remarkably good. Given the fact that B

did not make arbitrary parameter adjustments, the obse 103+ 5 devicesmuiation] |

differences infp are well within an expected margin. Be = — model -

ter agreement can of course be obtained by more aggre 105 | ! ! !
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Vas V)

1 J. R. Brews, Solid-State Electro1, 345 (1978). FIG. 3. Comparison ofp-Vas characteris;ics. The param-

2 M. Miura-Mattausch, H. J. Mattausch, N. D. Arora and C. Y.eters used ar&Va = Ny = 1 x 10'°cm™®, a = 50nm,
Yang, IEEE Circuits and Devices Magd.7, 29 (2001). tox = 10NM, i = prer = 1 x 10°cm?/(V - '9), T = 300K,

3 T. Endoh, T. Nakamura and F. Masuoka, IEICE Trans. Electron@nd L = 5um. The gate material is p-type polysilicon, and
E80-C, 911 (1997). Vir = 0.18 V. No arbitrary fitting is performed.

4 A. Kranti, S. Haldar and R. S. Gupta, Microelectron 32,305
(2001).

5S-L. Jang and S-S. Liu, Solid-State Electrat®, 721 (1998). 5

5Y. Tsividis, Operation and Modeling of the MOS Transistand 5x10 O‘ g N ;at. ‘ “ - 3 ‘t. ‘d.ff‘ | 0.3
ed., McGraw-Hill, New York, New York, 1999. M— m%’é%esmu on redive qerence

7 C. C. Enz, F. Krummenacher and E. A. Vittoz, Analog Int 4x10-5, v o
grated Circuits and Signal ProcessiBg83 (1995) L s =

8 J.-M. Sallese, M. Bucher, F. Krummenacher and P. Fazan, St 5 o
State Electron47, 677 (2003). < 10 =

9 E. P. Pokatilov, V. M. Fomin, S. N. Balaban, V. N. Gladilr 4 I 8
S. N. Klimin, J. T. Devreese, W. Magnus, W. Schoenmaker, — 2x10'5’ ¢ =
Collaert, M. Van Rossum and K. De Meyer, J. Appl. Phg§,, H g
6625 (1999). 1x10°F b

" & " 1
gateoxide 2 r 0o=°DE°°* 1 15 2 2‘.5 ex
N \//////////\/// L drain FIG. 4. Ip-Vgs characteristics (left axis) and relative differ-

‘ \\\\\§\\\\\\§\\‘§ ence betweeltfi, from the model and the device simulation (right

bt axis).

3
Ll i
an N i 5x10_5 ——— T T — 0.3
= ’L> >\\"~Lfsource || o Ves™3V 500000000000
a4 o7 Ves 28V 550 ]

! | 4x10°H © VesT2V o 8

Ta | & Vo1V ,028

FIG. 1. A cylindrical surrounding-gate MOSFET. — 3x10-5, ' E
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- 4 Energy - diagram 0 e customar  pF|G. 5. I-Vpg characteristics (left axis) and relative differ-
constant quasi-Fermi level approximation for holgs.= —¢Vi,  ences betweeh, from the model and the device simulation (right

and¢, = —¢V4 are the hole and electron quasi-Fermi levels, r€axis). Solid lines:Ip from the model. Open symboldp from

spectively.. (L) — ¢u(0) = —qVps is nearly satisfied at = L, the device simulation. Filled symbols: Relative differencefin
where the gradual channel approximation breaks down.



